Epstein-Barr virus (EBV)-induced B-cell immortalization and the immune response to EBV infection. All three are hypothesized to function as transcriptional transactivators, but little is known about their precise mechanism of action or their role in EBV pathogenesis. We have cloned and studied the three EBNA-3 homologues from a closely related lymphocryptovirus (LCV) which naturally infects rhesus monkeys. The rhesus LCV EBNA-3A, -3B, and -3C homologues have 37, 40, and 36% amino acid identity with the EBV genes, respectively. Function, as measured by in vitro assays, also appears to be conserved with the EBV genes, since the rhesus LCV EBNA-3s can interact with the transcription factor RBP-J and the rhesus LCV EBNA-3C encodes a Q/P-rich domain with transcriptional activation properties. In order to better understand the relationship between these EBV and rhesus LCV latent infection genes, we asked if the rhesus LCV EBNA-3 locus could be recombined into the EBV genome and if it could substitute for the EBV EBNA-3s when assayed for human B-cell immortalization. Recombination between the EBV genome and rhesus LCV DNA was reasonably efficient. However, these studies suggest that the rhesus LCV EBNA-3 locus was not completely interchangeable with the EBV EBNA-3 locus for B-cell immortalization and that at least one determinant of the species restriction for LCV-induced B-cell immortalization maps to the EBNA-3 locus. The overall conservation of EBNA-3 structure and function between EBV and rhesus LCV indicates that rhesus LCV infection of rhesus monkeys can provide an important animal model for studying the role of the EBNA-3 genes in LCV pathogenesis.
Epstein-Barr virus (EBV) is a gammaherpesvirus in the lymphocryptovirus (LCV) subgroup, which infects and persists in nearly all humans. EBV infection is also associated with several malignant diseases, including Burkitt's lymphoma, posttransplant lymphoproliferative disease, and nasopharyngeal carcinoma (16) . EBV's malignant potential can be demonstrated in vitro by immortalization of B-cell growth in tissue culture. The importance of the immune response for control of acute and persistent EBV infection is highlighted by the development of B-cell lymphomas in immunosuppressed AIDS and transplant patients and their response to adoptive T-cell immunotherapy (23, 33) . Three related nuclear proteins expressed during latent EBV infection, EBNA-3A, -3B, and -3C, are important for EBV-induced B-cell immortalization in vitro (38, 39) and are immunodominant targets for the immune response to EBV infection in vivo (15, 36) . In order to better understand the relationship between these EBV and rhesus LCV latent-infection genes and to develop tools necessary for the study of the EBNA-3 genes in vivo, we have examined and compared the EBNA-3 locus encoded by the LCV which naturally infects rhesus monkeys.
Old World primates are naturally infected with LCV, which have significant genetic and biologic similarity to EBV (10) . The rhesus and baboon LCV have been the most thoroughly studied at a molecular level, and these simian viruses appear to have the same repertoire of lytic and latent infection genes as EBV. The lytic infection genes generally show a high degree of nucleotide and amino acid homology (ϳ60 to 90% amino acid identity [21, 42; P. Rao, H. Jiang, and F. Wang, submitted for publication]). Lytic gene function is also well conserved functionally, as the rhesus LCV BZLF1 homologue can efficiently induce viral replication in EBV-infected human B cells (21, 22) . In contrast, the latent infection genes identified to date have shown much greater sequence divergence than the lytic infection genes, from 50% amino acid identity in the baboon and rhesus LCV EBNA-1 homologues to less than 30% amino acid identity for the baboon and rhesus LCV LMP1 homologues (2, 5, 8, 9, 19, 24, 29, 42) . In most instances, simian LCV latent infection gene function has also been functionally conserved when measured using in vitro assays designed for the EBV latent infection genes. The only difference discovered to date is the failure of the rhesus and baboon LCV EBNA-1 glycine-alanine repeats to protect cytotoxic T-cell epitopes from antigen presentation as described for the EBV EBNA-1 Gly-Ala repeats (2) . In this case, differences between EBV and simian LCV suggest that protection from antigen presentation by EBNA-1 may not be an essential mechanism for persistence by all LCV.
The strong functional conservation between simian and EBV latent infection genes has provided important insights. For example, the baboon and rhesus LCV LMP1 homologues can also induce NF-B and bind to tumor necrosis factor receptor-associated factors in human cells. The marked sequence divergence among the LMP1s provided for rapid identification of the conserved PXQXT/S tumor necrosis factor receptor-associated factor binding motif in the proximal transformation effector site (TES-1) and highlighted the remarkably conserved terminal 13 amino acids in the distal transformation effector site (TES-2) that interacts with the tumor necrosis factor receptor 1-associated death domain protein (9) .
Despite this apparently strong conservation of LCV latent infection gene function, the rhesus and baboon LCV are incapable of efficiently immortalizing human B lymphocytes. Previous studies indicate that this species restriction for B-cell immortalization occurs beyond the step of virus binding and penetration (21) . In these studies, simian LCV can infect, persist, and replicate in human B cells but are incapable of immortalizing human B cells without EBV coinfection. We hypothesize that one or more of the latent infection genes may interact with cell proteins in a species-specific manner. This species restriction may identify mechanisms important for cell growth transformation and may have potential clinical relevance, since xenotransplantation of baboon bone marrow carries a high risk of introducing baboon LCV into humans.
Genetic experiments show that the EBNA-3A and -3C genes are essential for EBV immortalization, whereas EBNA-3B is dispensable in vitro (38, 39) . These three latent infection nuclear proteins have a common exon-intron structure, are encoded in tandem fashion in the middle of the EBV genome, and share distant homology (12, 13, 25) . All three proteins are hypothesized to function as transcriptional transactivators (20, 27, 30) . EBNA-3C can regulate cell CD21 expression and viral LMP1 expression, and all three EBNA-3s can act together to induce pleckstrin expression (1, 17, 40) . All three latent nuclear proteins interact with the transcription factor RBP-J, and EBNA-3C has been reported to have an SP1-like transcriptional transactivation domain (20, 30) . Since EBNA-3B is not necessary for EBV-induced B-cell immortalization in vitro, one hypothesis is that EBNA-3B is important for successful EBV infection in vivo, perhaps by regulating expression of cell genes important for acute or persistent EBV infection. However, the precise mechanism of these viral latent genes and how they contribute to B-cell growth transformation or successful EBV infection in vivo remain to be elucidated. In order to better understand these important latent infection nuclear proteins and the potential utility of the rhesus animal model for studying the role of these genes in vivo, we have cloned the rhesus LCV EBNA-3A, -3B, and -3C homologues and compared them to the EBV genes. We have also applied a genetic approach to test whether the EBNA-3 locus contributes to the species restriction for LCV-induced B-cell growth transformation.
MATERIALS AND METHODS
Cells and cell lines. LCL8664 is a rhesus LCV-infected (cercopithicine herpesvirus 15) cell line derived from a B-cell tumor in a rhesus monkey (28) . 278LCL is a cell line derived by in vitro infection of rhesus monkey peripheral blood mononuclear cells (PBMC) with rhesus LCV. P3HR-1 is a human B-cell line containing a type 2 EBV with a spontaneous deletion of EBNA-2 and part of the EBNA-LP gene. Louckes is an EBV-negative Burkitt's lymphoma cell line. Human PBMC were isolated on Ficoll-Hypaque gradients from blood donated by healthy individuals. All cell lines were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum.
Cosmid library and plasmids. Cosmid clones of LCL8664 genomic DNA were constructed and screened as previously described (29) . A cosmid clone, RcosL12, encoding the rhesus LCV EBNA-3 locus was identified by cohybridization with rhesus LCV probes for the gp350 and EBNA-1 homologues (2, 21) , since the EBV EBNA-3 genes are encoded between the gp350 and EBNA-1 genes and the simian LCV genomes are colinear with EBV. RcosL12 BamHI fragments were subcloned into pCR2.1⌬RI, a plasmid derived from pCR2.1 (Invitrogen), by EcoRI digestion and self-religation. The nucleotide sequences for the rhesus LCV EBNA-3A, -3B, and -3C homologues (GenBank accession no. AF159308, AF159309, and AF159310, respectively) were assembled, and sequence analyses were performed using DNAstar software. pSVNaeI-Z is an expression vector for EBV BZLF1 used to induce EBV and rhesus LCV replication, and the EcoRI-A cosmid is an EBV DNA clone used to complement the P3HR-1 deletion as previously described (7) .
pGal4-RhE3C and pGal4-RhE3CR contain a SmaI DNA fragment containing rhesus LCV EBNA-3C amino acid residues 745 to 922 inserted either in frame or in opposite orientation into the SmaI site of pGal4(1-147) (34) . pM3-VP16 is a plasmid with the VP16 transcriptional activation domain cloned into pGal4(1-147). pFR-Luc (Stratagene) is a luciferase reporter plasmid with five GAL4 DNA-binding sites.
RBP-J binding assay with GST fusion proteins. The portions of the rhesus LCV genome encoding EBNA-3A amino acids 143 to 588 (NcoI fragment), amino acids 129 to 303 (BamHI-StuI fragment), and amino acids 304 to 691 (StuI-EcoRI fragment); EBNA-3B amino acids 156 to 390 (BamHI-BsrBI fragment); and EBNA-3C amino acids 132 to 326 (HindIII-EcoRI fragment) were cloned in frame into pGEX-2TK or pGEX-3X (Pharmacia Biotech). The portion of the rhesus LCV genome encoding EBNA-3A amino acids 506 to 601 were PCR amplified using primers 3A2720 (5Ј-CGG GAT CCC CCA CTG GGC ATT TTG TTA G-3Ј) and 3A2824 (5Ј-GGA ATT CCT AGG CAA TGG AGC AGG TCT T-3Ј) and cloned in frame into pGEX-2TK. GST-EBNA-2(243-336) and RBP-J expression plasmids have been described previously (11) . RBP-J was in vitro translated (TNT in vitro translation system; Promega) with [ 35 S]methionine. Binding assays for glutathione-S-transferase (GST) fusion proteins with in vitro-translated RBP-J were performed as previously described at 4°C for 1 h in 300 l of binding buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 10% glycerol, 0.5% NP-40, 0.5 mM dithiothreitol, 1 g of aprotinin per ml, 0.5 g of leupeptin per ml, 0.7 g of pepstatin per ml, 1 mM phenylmethylsulfonyl fluoride) (9) . Equal amounts of GST fusion proteins were used for the binding assays, and this was confirmed by Coomassie stain after polyacrylamide gel electrophoresis (PAGE).
Luciferase reporter assay. A total of 10 7 Louckes cells were transfected by electroporation (Bio-Rad Gene Pulser) in 0.4 ml of RPMI with 10 g of expression constructs and 10 g of reporter plasmid. As an internal control, 2 g of pCMV-␤Gal was cotransfected with each test sample. Cells were harvested 48 h later, and luciferase activity was assayed by using a luciferase assay system (Promega). ␤-Galactosidase activity was assayed using the Galacto-Light kit (Tropix). Luciferase activity was normalized to ␤-galactosidase activity, and all assays were repeated with at least three independent transfections.
Generation of EBV recombinants. A total of 10 7 P3HR-1 cells were transfected with 10 g of EcoRI-A cosmid and 25 g of pSVNaeI-Z, with or without 50 g of RcosL12 cosmid in 0.4 ml of RPMI by electroporation at 0.2 kV (Bio-Rad Gene Pulser). Viral supernatant was collected 72 h after transfection by filtration through a 0.45-m filter. Human PBMC (2 ϫ 10 7 ) were infected with 1 ml of viral supernatant at 37°C for 2 h. Infected cells were then resuspended in RPMI with 10% fetal calf serum, 0.5 g of cyclosporin A per ml, and 10 g of gentamicin per ml at 10 6 cells/ml in 96-well microtiter plates. Viral passage assays were carried out by transfecting B cells with 25 g of pSVNaeI-Z to induce lytic replication. Viral supernatants were collected and used to infect human PBMC as described above.
PCR assays. Species-specific PCR primers (designated EBV for EBV specific and Rh for rhesus LCV specific) were made to amplify regions of gp350, EBNA-3A, -3B, and -3C, and BZLF1 (Fig. 1) . The amplicon 1 primer set (Amp1) amplifies the gp350 region with Rhamp1F (5Ј-GGC ATG TCC TGA ATA GTG G-3Ј) and Rhamp1R (5Ј-AAA TGA CAA GCG AGG G-3Ј). The amplicon 2 primer set (Amp2) amplifies a 123-bp segment containing the rhesus LCV EBNA-3A initiation codon with Rhamp2F (5Ј-AGC CGC TTC CAT TGT TTC AGT GC-3Ј) and Rhamp2R (5Ј-GCC CGG CCT TTC TTC CTC CTA-3Ј). The amplicon 3 primer sets (Amp3) amplify EBNA-3A regions with EBVamp3F (5Ј-GAA ACC AAG ACC AGA GGT CC-3Ј) and EBVamp3R (5Ј-CCC AGG GCC GGA CAA TAG G-3Ј) and Rhamp3F (5Ј-CCC ACC GAG GCT CCG TTG TCT-3Ј) and Rhamp3R (5Ј-GGC CTT CGT GTC TCC CAT TCG TTA-3Ј). The amplicon 4 primer sets (Amp4) amplify EBNA-3B regions with EBVamp4F (5Ј-CCC TTG CGG ATG CAG CCA AT-3Ј) and EBVamp4R (5Ј-GGC TGA TAT GGA ATG TGC CC-3Ј) and Rhamp4F (5Ј-ACC AAC CTC CAG CGC AAG TCA GTG-3Ј) and Rhamp4R (5Ј-AAA CGC AGG GAG CAG CTA TTG TGG-3Ј). The amplicon 5 primer sets (Amp5) amplify EBNA-3C regions with EBVamp5F (5Ј-AGA AGG GGA GCG TGT GTT GT-3Ј) and EBVamp5R (5Ј-GGC TCG TTT TTG ACG TCG GC-3Ј) and Rhamp5F (5Ј-GGG CAA GTC GTG ATG GTA GT-3Ј) and Rhamp5R (5Ј-AGT TGT ATC CTG GGG CTC CT-3Ј). The amplicon 6 primer sets (Amp6) amplify BZLF1 regions with EBVamp6F (5Ј-CCG CTG CCG CCC CTC CAT-3Ј) and EBVamp6R (5Ј-CCC GGC ACG ACG CAC ACG-3Ј) and Rhamp6F (5Ј-GCG CCG TGG CAG GTG GTT G-3Ј) and Rhamp6R (5Ј-GTG CTT TGG CCG GTG CTG TCG-3Ј). All PCR assays were carried out at an annealing temperature of 65°C for 35 cycles with 1.5 mM MgCl 2 using Ampli-Taq Gold (Perkin-Elmer).
EBV-and rhesus LCV-specific PCR products were hybridized on Southern blots with the following species-specific internal probes: rhesus LCV EBNA-3A internal probe, 5Ј-GAA TTC CTG TAA TGA GGC CG-3Ј, and EBV EBNA-3A internal probe, 5Ј-GTT GAG GGC TAG TAT GGG CC-3Ј. Hybridization was carried out at 55°C, and the blots were washed with 6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.5% sodium dodecyl sulfate (SDS) at room temperature and then at 55°C.
were subcloned from a cosmid clone, RCosL12, encoding the rhesus LCV EBNA-3 locus. Rhesus LCV BamHI DNA fragments cross-hybridizing at low stringency with EBV BamHI-E DNA containing most of the EBNA-3A, -3B, and -3C coding regions were identified (RcosL12 g, k, and e). RcosL12 i and d were identified as potential flanking fragments by cross-hybridization with the rhesus LCV gp350 and EBV BZLF1 DNA probes ( Fig. 1 ). RcosL12 i, g, k, e, and d were sequenced, and colinearity was confirmed by PCR amplification across each BamHI site from viral DNA.
Rhesus LCV genes with 57, 61, and 59% nucleotide homology to EBNA-3A, EBNA-3B, and EBNA-3C, respectively, were identified. Each of the rhesus LCV EBNA-3 homologues was composed of a short first exon, a short intron, and a long second exon, similar to each of the EBV genes. Splice sites were confirmed by nucleotide sequencing the rhesus LCV EBNA-3A, -3B, and -3C cDNA clones obtained by reverse transcription-PCR amplification. The rhesus LCV EBNA-3A, -3B, and -3C genes encode 955, 938, and 1,167 amino acids, respectively, with overall amino acid sequence identities of 37, 40, and 36% with the respective EBV genes. The translated amino acid sequences of rhesus LCV EBNA-3A, -3B, and -3C and the alignments with the type 1 EBV homologues are presented in Fig. 2, 3 , and 4.
In all three rhesus LCV EBNA-3 genes, the N-terminal region is better conserved, with 47, 48, and 49% amino acid identity to the respective EBV genes. A previously identified leucine repeat which forms a basic leucine zipper domain (bZIP) in the amino terminus of EBV EBNA-3C (1) is conserved in the rhesus LCV EBNA-3C (Fig. 4, boxed) . RBP-J interaction domains have been grossly defined in the amino terminus of each EBV EBNA-3 protein, but the alignments of the EBV and rhesus LCV EBNA-3 homologues do not provide any obvious evidence of well-conserved RBP-J binding motifs in these proteins.
There is more sequence divergence in the carboxy-terminal two-thirds of each rhesus LCV EBNA-3, but the formation of direct repeat structures is a common theme conserved in each protein. In rhesus LCV EBNA-3A, there are eight direct repeats of an 8-amino-acid motif (Fig. 2 , alternating single and double underlines). The sequence of this 8-amino-acid motif is not well conserved with the three direct repeat elements identified in the carboxy terminus of EBV EBNA-3A, which are well conserved between type 1 and type 2 EBV (35) . Similarly, the rhesus LCV EBNA-3B encodes a 10-amino-acid motif that is directly repeated 9.5 times (Fig. 3 , alternating single and double underlines). The position of this direct repeat element is similar to, but the sequence is divergent from, a 20-aminoacid element repeated three times in EBV EBNA-3B which is not highly conserved between type 1 and type 2 EBV (35). In rhesus LCV EBNA-3C, there is a 16-to 18-amino-acid element which is repeated five times (Fig. 4 , alternating single and double underlines). Again, the sequence of the rhesus LCV repeats is different from the 10ϫ 5-amino-acid and 3ϫ 13-amino-acid repeats in EBV EBNA-3C, which are not well conserved between type 1 and type 2 EBV (35). Thus, as in the EBV EBNA-3 proteins, directly repeated elements can be identified in each rhesus LCV EBNA-3 protein, but the amino acid sequence of the direct repeats is not well conserved between an EBV EBNA-3 and its rhesus LCV homologue. The significance of these repeated elements remains to be determined, but an important functional role, e.g., protein conformation or interaction with other cell proteins, is suggested by the conserved evolution of direct repeat structures in the EBNA-3 homologues.
Interactions with RBP-J are conserved in rhesus LCV EBNA-3A, -3B, and -3C. EBV EBNA-3 binding to the transcription factor RBP-J is hypothesized to be one mechanism by which these proteins regulate cell and viral gene transcription during latent EBV infection (26, 31, 43) . To test whether interaction with RBP-J is conserved in the rhesus LCV homologues, GST fusion proteins containing various N-terminal regions of rhesus LCV EBNA-3A, -3B, and -3C were made to test their interactions with in vitro-translated human RBP-J (Fig. 5) . Amino-terminal fusions of all three rhesus LCV EBNA-3 proteins with GST were able to bind to RBP-J in vitro, suggesting an important functional role for the conserved RBP-J interaction. The interaction was at comparable levels to the EBV homologues (data not shown) and less efficient than EBV EBNA-2. The presence of two nonoverlapping RBP-J binding domains in the rhesus LCV EBNA-3A (RhE3A129-303 and RhE3A304-691) is similar to the finding with EBV EBNA-3A (6). Conserved transcriptional transactivating activity in the rhesus LCV EBNA-3C carboxy terminus. The 16-to 18-aminoacid repeat in the rhesus LCV EBNA-3C carboxy terminus is rich in glutamine and proline residues and reminiscent of an EBV EBNA-3C Q/P-rich domain with transcriptional transactivating properties (20) . To test whether a transcriptional transactivating domain was functionally conserved in the rhesus LCV EBNA-3C carboxy terminus, we fused amino acid residues 716 to 923 in the sense and antisense directions with the Gal4 DNA-binding domain under the control of the simian virus 40 early promoter (Fig. 6A ). These expression constructs were transiently transfected with a Gal4-dependent reporter construct into Louckes cells. Transfection of the Gal4 construct with the rhesus LCV EBNA-3C Q/P domain in the sense orientation showed an average of greater than 20-fold activation, whereas the Gal4 construct with the rhesus LCV EBNA-3C Q/P domain in the antisense orientation gave an average of only 3-fold activation over the Gal4 construct alone (Fig. 6 ). Thus, a Q/P-rich transcriptional transactivating domain has also been conserved in the rhesus LCV EBNA-3C.
Construction of chimeric EBV with rhesus LCV EBNA-3 genes. In order to test whether the functional similarities between the rhesus LCV and EBV EBNA-3 genes were sufficient to support human B-cell immortalization with either EBNA-3 locus, we initiated a series of experiments to generate recom- binant EBV in which the EBNA-3 locus had been replaced with the rhesus LCV EBNA-3 locus. To generate the chimeric EBV, we modified the second-site recombination strategy originally used by Tomkinson et al. to introduce mutations into the EBV EBNA-3 genes (37). P3HR-1 cells were cotransfected with the EcoRI-A cosmid to restore the EBNA-LP/EBNA-2 deletion and the RcosL12 cosmid containing the rhesus LCV EBNA-3 genes to potentially replace the EBV EBNA-3 genes by homologous recombination. Tomkinson et al. showed that a second EBV cosmid clone containing the EBNA-3 locus was recombined in approximately 30% of immortalizing viruses in which the EBNA-LP and EBNA-2 genes had been restored by recombination with the EcoRI-A cosmid (37) . We hypothesized that a similar second recombination event could occur with the rhesus LCV RcosL12 cosmid, albeit perhaps at a lower frequency due to the sequence divergence.
Tomkinson et al. also transfected a cosmid (type 1 EBNA-3 genes) which was different from the P3HR-1 EBV EBNA-3 genes (type 2 EBV) to generate the homologous recombination (37) . The EBV type 1 and type 2 EBNA-3 genes A, B, and C have 90, 88, and 81% nucleotide homology, respectively, and the regions immediately flanking the EBNA-3 locus are also highly conserved (96%) (35) . The rhesus LCV gp350 homologue immediately 5Ј and the BZLF1 homologue immediately 3Ј to the rhesus LCV EBNA-3 locus have 66 and 76% nucleotide homology to the respective late and immediate-early EBV lytic genes. The ends of the rhesus LCV RcosL12 cosmid have also been sequenced (ϳ200 bp from each end) and align with 77% nucleotide homology to the EBV genome at coordinate 66124 and with 89% homology to coordinate 110586. demonstrated by positive amplification with DNA from rhesus LCV-infected cells (278LCL) and negative amplification with cell DNA from P3HR-1 cells (Fig. 7A) . These preliminary screening tests do not address whether the recombination has been homologous. However, these results do indicate that rhesus LCV DNA can be recombined into EBV with reasonable efficiency.
Mapping the extent of rhesus LCV DNA recombined in chimeric viruses. To characterize the amount of rhesus LCV DNA recombined in each clone, all seven clones positive for rhesus LCV EBNA-3C DNA were screened with additional PCR primers specific for rhesus LCV gp350, EBNA-3A, EBNA-3B, and BZLF1 (Amp1, -2, -3, -4, and -6) (Fig. 1) . The results of these experiments are summarized in Table 2 . One clone failed to score positive with any other primers and only scored positive with the original rhesus LCV EBNA-3C PCR primers (clone R2.5-1). One clone (clone R0.5-1) scored positive with rhesus LCV EBNA-3B PCR primers (Amp4), and the remaining five clones scored positive with the rhesus LCV EBNA-3A PCR primers (Amp3). In order to test whether the entire rhesus LCV EBNA-3A coding region (i.e., 5Ј end) had been recombined, four of the rhesus LCV EBNA-3A-positive clones were first tested with rhesus LCV gp350 PCR primers (Amp1). However, all clones were negative by rhesus LCV gp350 PCR, suggesting that the recombination event took place between the Amp1 and Amp3 primers in gp350 and EBNA-3A. In order to test whether the complete rhesus LCV EBNA-3A had been recombined, PCR primers were designed which spanned the rhesus LCV EBNA-3A initiation codon (Amp2). Among the five EBNA-3A-positive clones, four clones were positive with the rhesus LCV EBNA-3A initiation codon PCR primers, suggesting that these clones had a complete coding sequence for rhesus LCV EBNA-3A (R1-2, R2.5-9, R5-3, and R1.5-9). In all four of these clones (R1-2, R2.5-9, R5-3, and R1.5-9), a complete rhesus LCV EBNA-3B coding region has probably been recombined, since PCR results with rhesus LCV EBNA-3A, EBNA-3B, and EBNA-3C PCR primers were all positive.
In order to determine which clones contained an intact rhesus LCV EBNA-3C coding region, PCR primers (Amp6) specific for the rhesus BZLF1 homologue, located immediately 3Ј to the EBNA-3C locus, were used. Five of seven clones were positive by rhesus LCV BZLF1 PCR, suggesting a complete rhesus LCV EBNA-3C gene and a recombination event 3Ј to the Amp6 BZLF1 primers in these clones.
Thus, overall there were three clones (R2.5-9, R5-3, and R1.5-9) in which the PCR analysis suggested that complete rhesus LCV EBNA-3A, -3B, and -3C genes were recombined and transferred to immortalized human B cells by viral infection. Two additional clones were PCR positive for rhesus LCV EBNA-3A, -3B, and -3C. Since one clone (R4-6) failed to amplify with the rhesus LCV EBNA-3A initiation codon primers, we cannot rule out a frameshift or illegitimate recombination event without additional studies (e.g., direct sequencing of the recombinant junction). In the other clone (R1-2), there is evidence for an intact rhesus LCV EBNA-3A coding region, but the screening experiments cannot rule out an adverse recombination event in the EBNA-3C coding region, since amplifications with the rhesus LCV BZLF1 primers were negative. Of the two remaining clones, one (R2.5-1) was positive only with rhesus LCV EBNA-3C primers, suggesting a small recombination event which was unlikely to be useful. The other clone (R0.5-1) was PCR positive for EBNA-3B, EBNA-3C, and BZLF1. In this case, a complete rhesus LCV EBNA-3C Studies for coinfection with wild-type P3HR-1 genomes and persistence of chimeric viruses. Clones were tested with EBVspecific primers to determine if there was evidence for coinfection with wild-type P3HR-1 viruses. The species specificity of the EBV EBNA-3A, -3B, and -3C PCR primers could be demonstrated by positive amplification with DNA from P3HR-1 cells and negative amplification with DNA from rhesus LCV-infected cells, 278LCL (Fig. 7B) . All clones positive for rhesus LCV DNA were also PCR positive for EBV EBNA-3A, -3B, and -3C. The most straightforward interpretation was coinfection with two viruses in one cell, (i) a transforming virus in which two recombination events have occurred with the EcoRI-A and RcosL12 cosmids and (ii) coinfection with wildtype P3HR-1, which is produced in vast excess relative to recombinant viruses. However, alternative combinations were possible, since the two recombination events do not necessarily have to occur in the same virus and recombination may not necessarily be homologous. First, clones may have been infected with two recombinant viruses, one virus with an EcoRI-A recombination and a second virus with an RcosL12 recombination. In this case, the rhesus LCV EBNA-3 locus would be recombined into an EBNA-2-negative, nontransforming P3HR-1 virus. Another possibility was that the RcosL12 DNA may have recombined illegitimately into a site different from the EBNA-3 locus. This could occur either as a second-site recombination in an EBNA-2-positive transforming virus or as a single recombination event into P3HR-1 if there is coinfection with an EBNA-2-positive transforming virus.
FIG. 6. The rhesus LCV EBNA-3C (RhE3C) Q/P-rich region has transcriptional transactivation activity. (A) Schematic diagram of the rhesus LCV EBNA-3C and its Q/P-rich region (box). The Q/P-rich region was fused to the
To begin addressing these possibilities, we evaluated the effect of long-term culture on the stability of the rhesus LCV DNA in the immortalized cell lines. We hypothesized that if rhesus LCV DNA were recombined into nontransforming, EBNA-2-negative P3HR-1 viruses, rhesus LCV DNA might be lost over time since there would be little selective pressure for preserving rhesus LCV DNA. PCR assays were repeated after 18 weeks in culture, and two clones (R2.5-1 and R0.5-1) became PCR negative for rhesus LCV DNA, suggesting that the rhesus LCV DNA had recombined into a nontransforming, EBNA-2-negative P3HR-1 virus. It was also possible, though perhaps less likely, that the rhesus LCV DNA recombined into a transforming, EBNA-2-positive virus and was lost over time because the rhesus LCV EBNA-3C-positive virus grows less well than a coinfecting EBNA-2-positive P3HR-1 virus. Unfortunately, without a positive selection marker to maintain and isolate the recombinant virus, it was impossible to resolve these possibilities.
Passage and purification of recombinant chimeric viruses. In the remaining five clones, rhesus LCV DNA persisted after prolonged tissue culture. Three of these clones had evidence of recombination of complete rhesus LCV EBNA-3A, -3B, and -3C genes by PCR screening. In order to determine whether the rhesus LCV DNA recombination was homologous and whether the rhesus LCV EBNA-3 locus could substitute for the EBV EBNA-3 locus, the recombinant viruses must be passaged and purified of coinfecting P3HR-1 viruses. Two clones which had evidence of recombination of the complete EBNA-3 locus (R5-3 and R1-2) were selected, and cells were transfected with a BZLF1 expression vector to induce viral replication. gp350 expression on the cell surface could be detected in 1 to 5% of the cells (data not shown). Cell-free virus supernatants were used to infect human PBMC, and the infected PBMC were plated in 96-well plates.
Only one immortalized cell clone was obtained from passage of clone R1-2 virus. This clone was negative for rhesus LCV EBNA-3 DNA and positive for the P3HR-1 EBV EBNA-3 locus (data not shown). The most likely explanation for the failure to recover immortalizing viruses with the rhesus LCV EBNA-3 locus was that the chimeric P3HR-1 with rhesus LCV DNA was nontransforming, i.e., the rhesus LCV EBNA-3 is unable to completely replace the EBV EBNA-3 locus for human B-cell immortalization. The single transforming event recovered may have been due to recombination between an EBNA-2-positive chimeric virus and the coinfecting wild-type P3HR-1, thereby restoring the EBV EBNA-3C locus and efficient human B-cell immortalization. However, it is difficult to make definitive conclusions from the negative results with this clone.
Passage of clone R5-3 virus supernatants resulted in 7 of 384 wells with macroscopically visible cell growth sufficient for PCR testing after 8 weeks of incubation. Cell DNA was prepared from these wells, and all seven clones were PCR positive for rhesus LCV EBNA-3A DNA, suggesting that the chimeric recombinant virus containing the rhesus LCV EBNA-3 locus had been successfully passaged (Fig. 8) . The same DNA samples were PCR negative for EBV EBNA-3A DNA, suggesting that the chimeric virus had been purified of a wild-type P3HR-1 virus and that the rhesus LCV DNA had homologously recombined and replaced the EBNA-3 locus. All seven clones maintained a stationary phase for weeks 8 to 12 but failed to expand any further or sustain cell growth beyond 12 weeks. These results suggest that the rhesus LCV EBNA-3 locus was not capable of fully replacing the EBV EBNA-3 locus for B-cell immortalization.
To confirm these findings, the experiment was repeated with fresh induction of virus from clone R2-5. In this instance, two wells showed cell growth after 8 weeks. In order to see if cell growth would continue when cells were maintained at a higher cell density, viral DNA for PCR testing was collected from culture supernatants in order to keep as many cells in culture as possible. Rhesus LCV EBNA-3A DNA was again detected by PCR in wells with visible cell growth, while EBV EBNA-3A DNA was no longer detected from cells after R5-3 virus passage, confirming the results in the previous experiment (Fig.  8B) . In addition, EBV EBNA-2 DNA was detected in the same R5-3 passage DNA samples, consistent with recombination of the EBV EBNA-2 and rhesus LCV EBNA-3 in the same virus (Fig. 8C) . As an additional control, samples from wells with no visible cell growth on the same microtiter plate were prepared in parallel and were PCR negative for rhesus LCV EBNA-3A DNA (Fig. 8C) . Thus, these experiments provided evidence for homologous recombination of the rhesus LCV EBNA-3 locus into an EBNA-2-positive P3HR-1 virus, since the EBV EBNA-3 locus was no longer detected after the virus was passaged. However, cells infected with these chimeric viruses also failed to sustain cell growth even when maintained at high cell densities.
DISCUSSION
This is the first description of the EBNA-3 homologues in a nonhuman oncogenic LCV. The initial observation that all three latent infection genes are conserved in the rhesus LCV is not unexpected but does highlight the importance of these three nuclear proteins. The importance of EBNA-3A and -3C is obvious from their essential role in EBV-induced B-cell immortalization in tissue culture (39) , but the significance of EBNA-3B is less obvious. One presumes that EBNA-3B must be essential for successful LCV infection in the natural host. Despite strong immune recognition of EBNA-3B, there appears to be strong selective pressure for conservation of an EBNA-3B gene in the nonhuman LCV. One hypothesis is that EBNA-3B induces cell genes which may downmodulate the immune response to assist virus infection or enhance the immune response to limit uncontrolled and otherwise lethal virus infection. The identification of a conserved rhesus LCV EBNA-3B gene in the current study and development of recombinant genetic techniques for manipulating rhesus LCV are important steps for formal testing of this hypothesis. The rhesus animal model provides a system in which the effect of EBNA-3B on acute and persistent LCV infection can be studied by infection of natural hosts with wild-type or EBNA-3B-deleted viruses. It will also be important to identify cell genes regulated by EBNA-3B and to correlate how EBNA-3B regulation of specific cell genes in vitro might contribute to the pathogenesis of LCV infection in vivo.
Despite the common interactions with RBP-J, the sequence comparisons do not readily identify a consensus RBP-J binding motif between a given EBV EBNA-3 and its rhesus LCV homologue, other than the fact that two separable RBP-J domains can be identified in the EBV and rhesus LCV EBNA-3As. The RBP-J interaction sites in each of the EBV EBNA-3s have not been precisely delineated but appear to be different from each other (6, 26, 31, 43) . These regions share little similarity with the RBP-J binding site in EBV EBNA-2, which has been reasonably conserved in the baboon and rhesus LCV EBNA-2-surrounding tryptophan residues (19) . Similarly, there does not appear to be a consensus RBP-J binding site common among the rhesus LCV EBNA-3s.
These studies also provide the first genetic experiments with rhesus LCV. We used a rhesus LCV cosmid (homologous to EBV coordinates 66124 to 110586) which was similar in size to the SalE/C cosmid (62201 to 105296) used by Tomkinson et al. for the first second-site EBV recombination studies (37) . We screened for recombination in the EBNA-3C locus, and the frequency of second-site recombination for rhesus LCV EBNA-3C DNA into the EBV genome was 15.6%, versus 30% for a similar strategy using an EBV cosmid. These experiments formally demonstrate that simian LCV and EBV can recombine relatively efficiently. It is almost certain that recombination in other, more homologous regions of the cosmid also occurred and could be documented if one were to screen specifically for those regions. Thus, in a clinical setting in which simian LCV may be introduced into humans, e.g., xenogenic bone marrow transplantation, there is now laboratory evidence that simian LCV can infect human B cells (21) and that homologous recombination between simian LCV and EBV can occur. While coinfection of simian LCV and EBV might be a rare event in vivo, there is also evidence that coinfection and homologous recombination between EBV-1 and EBV-2 do occur in immunosuppressed AIDS patients (3, 41) .
These first recombination studies establish that recombination between EBV and rhesus LCV can occur. The results suggest that the EBNA-3 locus is not totally interchangeable between EBV and rhesus LCV and that the species restriction for LCV-induced B-cell immortalization maps to at least one or more of the rhesus LCV EBNA-3s. One would expect that if the EBNA-3 locus were interchangeable, these transforming chimeric viruses would become apparent during the selection process for B-cell immortalization. It is recognized that studying mutants which lack transforming ability is difficult in the P3HR-1 system and that repeated failure to obtain transforming mutants in these studies does not absolutely exclude the possibility that the rhesus LCV EBNA-3 locus can be interchanged. However, these first-generation studies establish that rhesus LCV sequences can be recombined and will help guide the design of second-level genetic studies aimed at isolating chimeric viruses which may not have full transforming capacity.
It remains to be determined which EBNA-3 genes contribute to the species restriction for B-cell immortalization. One would predict that swapping EBNA-3Bs would be irrelevant, since EBNA-3B is not required for EBV-induced B-cell immortalization. EBNA-3A and -3C are more likely to be important for the species-specific effects, since they are essential for EBV-induced B-cell immortalization (39) . We suspect that EBNA-3C may contribute significantly to the species restriction, since we are unable to generate immortalizing recombinant viruses from Raji cells coinfected with rhesus LCV (P. Rao and F. Wang, unpublished results). In these experiments, Raji cells are coinfected with rhesus LCV, and the full lytic infection cycle, i.e., gp350 expression, can be induced, presumably because the rhesus LCV can complement the block to lytic infection associated with the Raji BALF2 deletion (32) . Rhesus LCV is replicated in these cells, since transforming rhesus LCV can be readily recovered in rhesus monkey PBMC. The current experiments predict that in some instances, homologous recombination between rhesus LCV and Raji genomes will restore the Raji EBNA-3C deletion with the rhesus LCV EBNA-3C locus. However, we have been unable to recover transforming virus in human B cells, consistent with the hypothesis that rhesus LCV EBNA-3C is unable to replace EBV EBNA-3C for human B-cell immortalization.
We did not ask whether the EBV-rhesus LCV EBNA-3 chimeras generated in the current study were able to immortalize rhesus monkey B cells; i.e., is an EBNA-3 locus from the same species sufficient for B-cell immortalization? However, in other experiments using P3HR-1 cells coinfected with rhesus LCV, we have also been unable to recover transforming virus in human B cells (Rao and Wang, unpublished). The rhesus LCV regions corresponding to both sides of the P3HR-1 deletion have a high degree of nucleotide homology (80 to 90%), and the experience from the current studies would again suggest that recombination between the rhesus LCV and P3HR-1 genomes should occur (24) . The failure to recover viruses capable of transforming human B cells suggests that the rhesus LCV EBNA-LP and EBNA-2 may also contribute to the species restriction for LCV-induced B-cell immortalization. Thus, multiple latent infection genes may be important for determining which B-cell species can be immortalized by a given LCV. This may make it more difficult to recreate an appropriate EBV-rhesus LCV chimeric virus for animal studies similar to the simian-human immunodeficiency virus created previously (18) .
Why the latent infection genes are not easily interchangeable for B-cell immortalization is unclear. It is particularly surprising given that virtually all of the rhesus and baboon LCV latent infection genes have been functionally similar to the EBV homologues using in vitro assays in human cells. Cells infected with chimeric virus appeared to be capable of initial cell growth but were unable to expand and sustain cell growth. These results are reminiscent of the phenotype recently described for EBV with LMP1 mutations, in which the aminoterminal 231 amino acids are sufficient for initial growth transformation but the carboxyl-terminal 155 amino acids are necessary for efficient long-term outgrowth (14) .
The rhesus LCV EBNA-3 genes might be considered natural mutants defective for a transformation-essential pathway in human B cells. Thus, it may be interesting to find human B-cell proteins which interact well with an EBV EBNA-3 but perhaps not as well as with the rhesus LCV EBNA-3 and vice versa. In this light, it is curious to note how repetitive elements have been conserved in the rhesus LCV EBNA-3s, although with very different sequences. Alternatively, the mechanism for the species-specific differences may be subtle qualitative differences in existing interactions. For example, the rhesus LCV EBNA-3C has a Q/P-rich region and direct transactivating activity in an in vitro assay, but the activity we observed was significantly higher than that reported for EBV EBNA-3C (20) . Perhaps this represents excessive transactivation activity in human cells versus rhesus cells, which may be detrimental to efficient human B-cell immortalization, but no dominant negative effect was observed in these studies.
The cloning of the rhesus LCV EBNA-3s, in combination with all of the other latent infection homologues, now allows us to address the question of whether the EBNA-3s are an immunodominant target for the host response to LCV infection in a different species. In humans, the EBNA-3s are immunodominant latent infection targets for the cytotoxic T lymphocyte (CTL) response during acute EBV infection, i.e., infectious mononucleosis, as well as persistent, asymptomatic infection (15, 36) . However, it remains to be determined which CTL responses are important for control of EBV infection or pathogenesis of acute infection. It will be interesting to test whether the CTL repertoire in rhesus LCV-infected hosts is also skewed toward the EBNA-3s. The rhesus LCV animal model also provides a method for formal testing of potential EBNA-3-specific CTL vaccines. Study of naturally infected rhesus monkeys may be slightly complicated by the recent discovery of two types of rhesus LCV, similar to EBV-1 and EBV-2 (5). It will be interesting to see whether the typespecific sequence heterogeneity in rhesus LCV extends to the EBNA-3 genes, as it does in humans. Similarly, the cloning of the rhesus LCV BZLF1 homologue in these studies sets the stage to ask if there is as robust a CTL response to this lytic infection target as recently described in humans with infectious mononucleosis and to what degree immune responses to lytic infection targets such as BZLF1 might be important for protection or control of LCV infection (4) .
